In this study, we performed microbial community analysis to examine microbial diversity and community structure in microbial fuel cells (MFCs) seeded with activated sludge from a municipal wastewater treatment plant in South Korea. Because anode-attached biofilm populations are particularly important in electricity transfer, the ecological characteristics of anode-attached biofilm microbes were explored and compared with those of microbes grown in suspension in an anode chamber. 16S rDNA-based community analysis showed that the degree of diversity in anode-attached biofilms was greater than that of the originally seeded activated sludge as well as that of the suspension-grown microbes in the anode bottle. In addition, Bacteroidetes and Clostridia grew preferentially during MFC electricity generation. Further phylogenetic analysis revealed that the anode biofilm populations described in this work are phylogenetically distant from previously characterized MFC anode biofilm microbes. These findings suggest that a phylogenetically diverse set of microbes can be involved in the electricity generation of MFC anode compartments, and that increased microbial diversity in anode biofilms may help to stabilize electricity production in the MFC.
INTRODUCTION
A microbial fuel cell (MFC) is an electrochemical device that converts chemical energy to electrical energy with electrochemically active microbes as biocatalysts (Park & Zeikus 2000; Kim et al. 2002) . Microbes, as the electron donor in the anode compartment, oxidize fuel (organic matter), generating electrons and protons. Electrons and protons are consumed in the cathode compartment, reducing oxygen to water. Electricity generation using wastewater, marine sediments, and anaerobically digested sludge with MFCs is one of the main focuses of clean energy technology at the moment (Angenent et al. 2004) .
Recently, a number of Fe(III)-reducing bacteria and sulfate-reducing bacteria, used as biocatalysts for electron transfer, were studied by several groups and isolated from MFCs (Park et al. 2001; Chaudhuri & Lovley 2003; Kim et al. 2006) . These microbes are able to use energy efficiently for growth by coupling the oxidation and reduction processes.
These include the following species: Geobacter (Lovley et al. 1993; Bond et al. 2002) , Shewanella (Lovley et al. 1992; Hyun et al. 1999) and Desulfotomaculum reducens (Tebo & Obraztsova 1998) . Various studies of microbial populations in MFC biofilms have been conducted using conventional culture-dependent and culture-independent methods, and have resulted in the isolation of the only specific species in the MFC biofilm community (Bond et al. 2002; Lee et al. 2003; Holmes et al. 2004; Kim et al. 2008 are a very limited number of studies comparing biofilm and suspension-grown microbial communities in anode compartments (Kim et al. 2006) .
In this study, glucose-fed mediatorless MFCs, inoculated with activated sludge, were operated at the laboratory scale, and molecular ecological techniques were used to analyze microbial communities in electricity-generating
MFCs. This molecular ecological investigation compared the diversity and community structure of biofilm communities with those of suspension-grown microbial communities in anode compartments. Molecular ecological analysis was also performed for microbial communities from cathode compartments in which an organic carbon source (glucose) was added as an electron donor. To obtain information on microbial diversity, bacterial 16S rDNAbased T-RFLP (terminal restriction fragment length polymorphism) fingerprinting analysis was performed.
Microbial community structures of the MFC samples were characterized using 16S rDNA amplification and sequencing techniques. Phylogenetic analysis was performed to examine whether the anode biofilm populations were phylogenetically different from previously characterized MFC-anode biofilm bacteria.
MATERIALS AND METHODS

MFC operational conditions
A two-chambered MFC system (with anode and cathode compartments) was operated in fed-batch mode using transparent polyacrylic plastic bottles (1 L). Each bottle was filled with 900 mL of wastewater. The two bottles were connected with a proton exchange membrane (NafionY 117, Dupont Co., USA). Soft graphite felt (National Electric Carbon, USA) was used for the electrodes, which varied the Seven sets of MFCs were operated in fed-batch mode in a laboratory. When using new electrodes, initially no biofilm was produced at the surface of anode electrodes, generating little electricity (Test 1). During the second test (Test 2), biofilm was formed, and a sufficient amount of electricity was generated from the MFCs. After Test 2, the MFC set that exhibited the greatest electricity production power was chosen, and its anode-attached biofilm and suspension-grown microbe samples were taken for molecular ecological analysis as described below. From the same MFC set, suspension-grown microbial samples were also taken from the cathode chamber. The biomass samples were stored at 2 808C prior to microbial community analysis. and (iii) an extension step at 728C for 2 min. Under the optimal PCR conditions, the size of PCR products was , 1400 base pairs (bp). The PCR products were purified using the DNA Purification Spin Column Kit (Qiagen Inc., USA). The average size of the aligned sequences was ,700 bp.
DNA extraction and 16S rDNA amplification
Using the multiple-aligned sequences, a phylogenetic tree was constructed by MEGA4 program (Tamura et al. 2007 ).
For the phylogenetic tree inference, the neighbor-joining algorithm was used, and a bootstrapping test ( indicates that Voc does not change before biofilm formation, and Test 2 indicates that V oc changes after biofilm formation). 
Microbial diversity
The diversity analysis from T-RFLP profiles showed that the degree of diversity (Shannon index and richness) in the anode-attached biofilm (AB in Table 1) was the highest among the tested samples. The richness was approximately two times greater than that of the activated sludge used for seeding and the suspension-grown microbes in the anode chamber. The Shannon index in the anode-attached biofilm was also higher than that of the activated sludge used for seeding and suspension-grown cells from the anode chamber. The higher diversity for the anode-attached biofilm might have resulted in the stability of electricity production since the degree of diversity tends to positively correlate with the stability of microbial communities (Colwell 1997; McGrady-Steed et al. 1997; Naeem & Li 1997; Tilman 1997 
Community structure and population dynamics in MFCs
During the operation of the electricity-generating MFCs, the microbial community structures in the anode chambers were shifted away from the original seeding microbial communities. In the seeding activated sludge, the major populations identified were Gammaproteobacteria (15.6%), Sphingobacteria (15.6%), and Bacteroidetes (11.0%) (Figure 2 ). In anode suspension-grown cells (AS), uncultured bacteria (35.7%)
were the most predominant, followed by Bacteroidetes (21.4%), unclassified Bacteroidetes (10.7%), and Clostridia (7.1%). In the anode-attached biofilm (AB), Bacteroidetes (23.5%) was the most abundant division, followed by Clostridia (16.2%) and Betaproteobacteria (7.4%).
Because the anode biofilm has to be directly involved in electricity generation in anode compartments, our microbial community analysis paid special attention to anode biofilm populations. In the anode biofilm communities, Bacteriodetes was found to be the predominant population, preferentially growing from the original activated sludge.
Among the anode biofilm populations, Clostridia was found to be an additional major population that was enriched from the original activated sludge microbial communities.
These results show that Bacteriodetes and Clostridia are the major anode biofilm populations that may be actively involved in electricity generation in the MFCs.
In the literature, most previously reported anode biofilm microbes belong to the Proteobacteria phylum, especially the Delta-and Gamma-groups (Bond et al. 2002; Lee et al. 2003) . In our study, however, Deltaproteobacteria and wellknown electricity generating members such as Geobacter and Shewanella were not observed in the anode biofilm (AB) or anode suspended (AS) samples. In addition, the proportion of Proteobacteria was only 11.9% in the AB sample while in a previous study (Kim et al. 2006) Proteobacteria composed approximately 60% of the anode biofilm under operational conditions similar to those used for this work. According to a previous community structure analysis by Kim et al. (2006) , the relative abundance of Gammaproteobacteria was increased in anode biofilm communities compared to suspension-grown communities in MFCs. However, our results indicated a different trend,
i.e., that the relative abundance of Gammaproteobacteria in the anode biofilm was less than in anode suspension-grown cells. These findings suggest that the microbial structure and population dynamics contributing to electricity generation in this work may be different from those described in previous reports.
Phylogenetic tree analysis for anode biofilm populations
A phylogenetic tree was constructed with the 16S rDNA sequences from the anode-attached biofilm (using 59 total clones), and their phylogenetic distribution was compared with that of previously reported anode biofilm species (using 13 total isolates) ( Figure 3 ). While most of the known anode biofilm species belong to Proteobacteria, only a limited number of our isolated clones belong to Proteobacteria. Furthermore, except for one clone (AB3) that is close to Enterococcus gallinarum, all of the isolated clones are phylogenetically distant from known anode biofilm species (Kim et al. 2008) . These results indicate that novel anode biofilm populations were found in this work.
CONCLUSIONS
In this study, we conducted a microbial community analysis to compare the characteristics of anode-attached biofilm communities with those of anode suspension-grown microbial communities. For this purpose, microbial diversity and community structures were explored using 16S rDNA-based, culture-independent methods. The major findings from this study are as follows:
1. In the MFC anode compartment, the microbial diversity of anode biofilm was higher than that of suspension-grown cells.
The anode-electrode biofilm also exhibited a higher degree of microbial diversity than the original activated sludge used for seeding. The increased microbial diversity in the anodeelectrode biofilm may have had positive effects on the stability of electricity production in the MFC.
2. In the anode biofilm communities, Bacteroidetes and Clostridia grew preferentially from the original activated sludge microbial communities in the course of generation of electricity. This suggests that these anodestimulated biofilm populations may have participated in electricity-generation in the MFC.
3. According to the phylogenetic tree analysis, novel anode biofilm populations were found in this work. The presence of a wide range of bacterial phylogenetic groups in the anode-attached biofilm implies that a variety of microbes can participate n electricity generation.
